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Abstract 
Bulk-type all-solid-state lithium-ion batteries (ASLBs) for large-scale energy storage applications have 
emerged as a promising alternative to conventional lithium-ion batteries (LIBs) owing to their superior 
safety. However, the electrochemical performance of bulk-type ASLBs is critically limited by the low ionic 
conductivity of solid electrolytes (SEs) and poor ionic contact between the active materials and SEs. Herein, 
we report the highly conductive (0.14 mS cm-1) and dry-air-stable SEs Li4SnS4 or LiI-Li4SnS4, which are 
prepared using a scalable aqueous-solution process. An active material (LiCoO2) coated by solidified 
Li4SnS4 from aqueous solutions results in a significant improvement in the electrochemical performance 
of ASLBs. Side effect by the exposure of LiCoO2 to aqueous solutions is minimized by using predissolved 
Li4SnS4 solution. 
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1. Introduction 
Lithium-ion batteries (LIBs) are commonly used in small-scale applications; however, in recent 
years they have become increasingly used in large-scale applications such as electric vehicles (EVs).1 
However, safety concerns with LIBs, originating from their use of flammable organic liquid electro-
lytes, have hindered their widespread commercial application. Accordingly, composite-structured 
bulk-type all-solid-state lithium-ion batteries (ASLBs) using inorganic solid electrolytes (SEs) have 
emerged as promising alternatives.2 In order to achieve performance levels in bulk-type ASLBs that 
compete with those of conventional LIBs, development of highly conductive SEs is imperative.2a, 2b, 
2e, 3 Several sulfide SEs exhibit extremely high conductivities (e.g., Li10GeP2S12 (LGPS):2a 12 mS cm-
1, Li3P7S11:3 17 mS cm-1, Li9.54Si1.74P1.44S11.7Cl0.3:2e 25 mS cm-1) that are comparable to those of organic 
liquid electrolytes.4 Considering that SEs are single ionic conductors whereas transference numbers 
for Li+ ions in organic liquid electrolytes are low (0.2-0.4),2b, 2e, 4  ASLBs employing state-of-the-art 
sulfide SEs may, in theory, outperform conventional LIBs.  
Another critical challenge with bulk-type ASLBs is to achieve favorable interfaces between the ac-
tive material and the SE. High interfacial resistances are observed between sulfide SEs and conven-
tional cathode materials such as LiCoO2. This can be explained by the intrinsically poor oxidation 
stability of sulfide materials,5 chemical reactions between sulfide SEs and active materials,6 the space 
charge layer model,7 and lattice mismatch.7 Fortunately, significant improvements in interfacial sta-
bility have been achieved by protective coating of the active materials by metal oxides such as 
LiNbO3.2a, 2d, 6 Furthermore, wetting active materials with SEs is critical for high-performance bulk-
type ASLBs.2d, 8 In the case of bulk-type ASLBs that employ oxide SE materials, high-temperature 
sintering processes are necessary to form contacts between active materials and SEs.9 However, this 
can lead to the formation of undesirable by-products at interfaces, resulting in poor electrochemical 
performance.9-10 In contrast, sulfide SEs are deformable, which allows efficient two-dimensional con-
tact by simple cold-pressing.2d, 11 However, full wetting of active materials with sulfide SEs by cold-
pressing alone is still limited .2d, 8, 11b, 12    
To fabricate electrode composite with favorable ionic contacts, reducing size of TiS2 particle by 
ball-milling. Rate performance has been improved along decrease of particle size from ~10 μm to 0.1 
μm. Small particle size has shortened lithium ion pathway and larger surface area to contact with 
SEs.13 Not only ball milling, exfoliation is done for TiS2 for the same reason. Lithiation is done for 
reducing the attraction between the layers. Following sonication in water separates the layers to get 
TiS2 nanosheets. These sheets have less stacked structure with higher surface area. This leaded to 
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enhanced rate performance.14 TiS2 and Li2S-P2S5 SE is ball-milled to get the electrode composite ex-
hibiting extra lithium ion storage. Ball-milled composite shows around 416 mAh g-1 in voltage range 
of 1.5-3.0 V with great retention. This comes from amorphous Li-Ti-P-S phase through ball milling.15   
These improvements underline the importance of micro-structure of components in electrode compo-
site with favorable interfacial condition.  
In this view, forming a direct contact between active material and SE is ideal with high contact area 
and reduced lithium ion pathway. A pioneering proof-of-concept for direct SE coating of active mate-
rials using pulsed laser deposition, and the resulting improvement in ASLB performance, has been 
reported.16 The wet chemical preparation of SEs could be one of the most appropriate strategies to 
realize the above-mentioned concept in a scalable way. However, the selection of effective combina-
tions of SEs and solvents in which the SEs are dissolved without irreversible chemical reaction with 
the solvents is extremely challenging.2d, 8, 11b To date, very few wet chemical systems for the prepara-
tion of sulfide SEs have been reported. These include thio-LISICON (Li3.25Ge0.25P0.75S4, 0.182 mS cm-
1) and anhydrous hydrazine,17 Li3PS4 (LPS) and tetrahydrofuran18 (0.16 mS cm-1) or N-methylforma-
mide (0.026 mS cm-1),19 Li7P2S8I and acetonitrile (0.63 mS cm-1),20 and Li6PS5Cl and ethanol (0.014 
mS cm-1).21 However, none of these systems simultaneously satisfy the multiple criteria required for 
a scalable solution-based SE-coating process, i.e., high conductivity (at least 0.1 mS cm-1), environ-
mental benignity, and the use of low-cost, low-boiling-point solvents that afford homogeneous solu-
tions.  
Another critical issue is that conventional sulfide SEs that contain phosphorus, such as LPS and 
LGPS, undergo degradation upon exposure to water or dry air,2d as do phosphorus-containing Na-ion 
SEs, such as Na3PS4.12 However, recent reports of the excellent air-stability of Li4SnS4 (LSS),2d, 22 Li4-
xSn1-xAsxS4,23 and Li2SnS324 have led to interest in developing alternative Sn-based SEs. The superior 
dry-air stability of Sn-based SEs to that of phosphorus-based SEs has been explained by reference to 
the hard and soft acid and base theory.2d, 8, 23   
Recently, our group reported a novel highly conductive and dry-air-stable Sn-based Li-ion SE, 
0.4LiI-0.6Li4SnS4 (0.41 mS cm-1), prepared from a homogeneous methanol (MeOH) solution. LiI is 
introduced to enhance the conductivity with widen framework and favorable polarizability.2d ASLBs 
employing LiCoO2 coated with this SE exhibited excellent performance. Herein, our development of 
Sn-based SEs is expanded to a solution process for xLiI-(1-x)Li4SnS4 using the most environmentally 
desirable solvent (water). Various analyses are done with X-ray diffraction (XRD), Raman, and elec-
tron microscopes along optimizing the conditions. Its application for SE-coating of active materials 
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for ASLBs are evaluated through various electrochemical techniques. Further, coating process is mod-
ified for the superior performance of coated composite in aqueous environment. 
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2. Theoretical & Mathematical Development 
2.1 Principle of Lithium-ion batteries 
Battery is the energy storage system using the oxidation, reduction of the electrode materials. And 
electrolyte delivers the ions from one electrode to the other. Membrane physically separate electrodes. 
Otherwise, there will be flow of electricity in battery system resulting increase of temperature, further 
explosion. Battery can be divided into two types by its rechargeability. One is primary battery which 
spontaneously convert chemical energy to electric energy. This conversion is irreversible and battery 
can discharge once. The other is secondary battery and it can be charged and used repetitively. In 
charging secondary battery, there is reduction of negative electrode by insertion of lithium. There is 
oxidation of positive electrode by extraction of lithium at the same time. The opposite chemical reac-
tion occurs during discharging.25 
Generally, lithium ion battery is adopted with high efficiency. Lithium ion battery has outstanding 
two advantages: 1) Lithium is one of the lightest elements. This enables raising the specific energy 
density. 2) Lithium itself has lowest redox potential. It is possible to facilitate two electrodes with 
high voltage difference.  
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Figure 1. Schematic description of lithium-ion battery with organic liquid electrolyte26 
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2.2  Components in lithium-ion batteries 
2.2.1 Cathode 
Layered structure 
Lithium metal oxides with layered structure show densely stacked crystalline structure with ionic 
bonding. Oxygen ions have hexagonal close packed or cubic close packed structure and transition 
metal and lithium ions occupy tetrahedral sites or octahedral sites. Slabs composed of transition metal 
and oxygen ions with strong ionic bonding. Lithium ions and the slabs are placed by turns. Lithium 
ions moves along 2 dimensional planes during intercalation and deintercalation for high ionic con-
ductivity. 
LiCoO2 is the most widely used cathode material with high power and stable cycle performance. 
There are irreversible structural changes when more than half of lithium ions deintercalated during 
charge. The practical specific capacity is around 145 mAh g-1 though theoretical specific capacity 274 
mAh g-1 for LiCoO2 and its average working voltage is 3.9 V.27 
LiCoO2 has limitations in exhibiting high capacity and disadvantages in toxicity and price. Cobalt is 
partially substituted to nickel, manganese to overcomes limitations of LiCoO2. Substitution is for 
higher capacity by nickel, structural stability and low cost by manganese. Stable composition is 
LiNi1/3Co1/3Mn1/3O2, made up with Ni2+, Co3+ and Mn4+. Ni2+ mainly participate in charge/discharge 
and Co3+ involves in end of charge. Mn4+ placed in octahedral sites and maintain the layered structure 
stably.28 
Spinel structure 
 Oxygen ions are stacked in cubic close packed structure. Transition metals occupies tetrahedral or 
octahedral sites with various structural variation along synthesizing condition. Spinel structure pro-
vides short lithium ion pathway with high ionic conductivity. It enables favorable fast charge/dis-
charge. Most familiar spinel structured cathode material is LiMn2O4. Manganese has low price with 
its abundance. However, Jahn-teller distortion and disproportionation reaction by Mn3+ is critical issue 
for LiMn2O4. Dissolution of Mn2+ into electrolyte reduces the amount of active material and hinder 
transport of lithium ion by electrodeposition.29     
 To eliminate these issues, manganese ion is substituted by transition metal with lower charge or lith-
ium ion. LiNi0.5Mn1.5O4 has high working voltage at 4.7 V with stable cycle performance. This high 
working voltage is advantageous for achieving high energy density. This leads detrimental side reac-
tion on the other hand. Li[Li, Nm, Co, Ni]O2 which is also called as over-lithiated layered oxide or 
Li-excess material can exhibit high capacity of 200-300 mAh g-1. However, it requires high voltage 
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to activate in charging step. High voltage inevitably result side reaction. Also, it suffers from poor rate 
performances.30 
Olivine structure 
Cobalt makes LiCoO2 less attractive in cost consideration. Fe is environmentally friendly and cheap 
with its rich deposits. Strong ionic bonding of polyanion in LiFeO4 reduces strength of covalent bond-
ing between Fe and O. This increases ionic tendency of Fe3+/Fe2+ and working voltage to 3.4 V. Its 
theoretical specific capacity is 170 mAh g-1 with structural and chemical stability. Though polyanion 
enables higher voltage, limits electric conductivity and transport of lithium ion as it can move in one 
direction.25 
Li-S 
Further, Sulfur is one of the candidates as future active material with its abundance and high theo-
retical capacity over 1600 mAh g-1. Sulfur have trouble of utilization with its low electric conductivity 
and dissolution of poly-sulfides (Li2Sx). Through lithiation and delithiation, there is big changes in 
volume which leads stresses in electrode structure.  
 
2.2.2 Anode 
Lithium 
Lithium metal can exhibit high capacity and has lowest voltage which raise the cell voltage. However, 
the growth of dendrite, the unevenly deposited lithium during repetitive charge, can result the failure 
of membrane and short circuit. As the direct contact between two electrodes can cause explosion, 
lithium metal possesses severe safety concern.31 
Carbon based materials 
Carbon based anode materials are divided into two groups, graphitic and non-graphitic carbons. Non-
graphitic carbons have small crystalline phase, in disordered structure rather than well stacked struc-
ture. Graphite is commercially adopted as anode materials. Graphite has layered structure, and each 
layer is made up of carbons bonded in hexagon. Electrons can freely move along between the layers, 
exhibiting high electric conductivity. During charge, lithium intercalates in carbon forming LixC. 1 
lithium reacts with 6 carbon atoms. Graphite shows stable cycle performance under 0.25 V with the-
oretical specific capacity of 372 mAh g-1.1 
Metal alloy 
Metal forms alloy with lithium during charge. Alloy becomes metal again with extraction of lithium 
during discharge. These reactions repetitively occur and are stated below. 
xLi+ + xe- + M ↔ LixM (2-1) 
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The most promising metal anode material is tin (Sn) and silicon (Si). Especially, Si exhibits high 
theoretical capacity of 4200 mAh g-1. Also, it is cheap and has adequate working voltage for lithium 
metal deposition. However, there is extreme volume changes, over 400 %, compared to the initial 
state. Along volume changes, cracks appear in anode particles. cracks lead exposing additional surface 
of particle which can be apart from electrolyte. This isolation degrades the performance. 32 
 
2.2.3 electrolyte 
Electrolyte is mediate of lithium transport as mixture of solvents and lithium salt. It delivers lithium 
from positive to negative electrode during charge, and from negative to positive during discharge. the 
performance of electrolyte is importance key in performance of lithium ion battery. For lithium salt, 
it should be dissolved in organic solvent homogeneously without toxicity and corrosiveness. Complex 
anion, bigger than Li ion is paired for dissolution. LiPF6 is the only salt satisfying the requirements.  
Linear carbonate and cyclic carbonate species are used for organic liquid solvent for electrolyte. Cy-
clic carbonates have high dielectric constant dissolving salt easily. Although linear carbonates cannot 
dissolve salts with low dielectric constant, it can enhance ionic conductance with low viscosity. Com-
mercial liquid electrolyte is LiPF6 dissolved in the mixture of linear and cyclic carbonates in proper 
ratio. Additives are included for forming stable interface to improve the performance of lithium ion 
battery.  
 Ionic liquid is promising candidate as liquid electrolyte. It has wide operating voltage range up to 
5.3 V. And inflammability and thermal stability is attractive in safety consideration. However, it is 
unstable at low voltage under 1.1 V. 
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2.3 All-solid-state lithium-ion batteries 
The organic liquid electrolyte is adopted for utilize the lithium ion battery at high voltage, instead of 
aqueous liquid electrolyte. However, liquid electrolytes possess flammability and show gas evolution 
at high temperature which limits applicable condition for lithium ion batteries. These flaws should be 
considered seriously in larger devices like electric vehicles or energy storage system. Solid electrolyte 
for ASLBs have competitive advantages with ultimate safety by adopting inorganic solid electrolyte. 
Thin type ASLBs is fabricated through vacuum deposition process, with high expense. This limits the 
practical application for larger sized battery. Bulk type ASLBs, all elements composed of solid parti-
cles, is ideal for commercialization of ASLBs. There are 3 layers in bulk type ASLBs, 2 electrode 
layers at each end and SE layer in the middle. Schematic description showing the structure of ASLBs 
are shown in figrue1. Electrodes are mixture of active material and SE and conductive additives with 
necessity. High energy density can be achieved by simply stacking cells without additional packing 
system as there is no worries about leakage. As all components are solids, ionic pathway should be 
formed through fabrication. Therefore, the performance of SEs, such as ionic conductivity and de-
formability, strongly determines the performance of ASLBs.   
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Figure 2. Schematic description of bulk type ASLBs 3 
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2.3.1 Inorganic solid electrolyte 
Oxide solid electrolyte 
Typical oxide solid electrolytes are Li3xLa2/3-xTiO3 (LLTO)33 with perovskite structure, Li7La3Zr2O12 
(LLZO)34 with garnet structure, and Li1+xAlxTi2-x(PO4)335 with NASICON structure. Ionic conductivity of 
oxide solid electrolytes is in range of 10-4-10-3 S cm-1. Oxide SEs are stable in high voltage and air expo-
sure. Its brittleness results large grain boundary resistance and require sintering process at high tempera-
ture. Heat treatment occurs volatilization of lithium, phase transition and formation of unwanted impuri-
ties. In case of LLTO, lithium metal reduces Ti4+ around 1.8 V. LLZO requires high temperature of 1200 
oC for sintering. 
sulfide solid electrolyte 
Sulfide SEs are more suitable for bulk type ASLBs without heat treatment and side reactions from it. 
Sulfide SEs have high deformability allowing cold pressing to form ionic contacts. Furthermore, sulfide 
SEs have higher conductivity than oxide SEs. These come from larger radius of sulfur ion than oxygen 
ion with higher polarizability. 
 Starting from the development of Li3.25Ge0.25P0.75S4 with 2.2 mS cm-1 at 25 oC, solid electrolytes with 
high ionic conductivity competitive to liquid electrolytes have been explored.36  Li2S-GeS-P2S5 system is 
further studied to achieve high ionic conductivity of 12 mS cm-1 in composition of Li10GeP2S12 (LGPS). 
2a Li10SnP2S12 is also synthesized by substituting Ge into Sn. It has lower ionic conductivity, 4 mS cm-1 
at 27 oC, but ideal with low cost. Li2S-P2S5 system also developed actively. They are prepared through 
high energy ball-milling and following heat treatment. Li3P7S11 reached high ionic conductivity of 17 mS 
cm-1.3 Further, composition by substituting P to Si and introducing halide ions, Li9.54Si1.74P1.44S11.7Cl0.3, 
reached even higher conductivity of 25 mS cm-1. 2e Sn based sulfide SEs are also researched. Li4SnS4 has 
ionic conductivity of 0.071 mS cm-1 at 20 oC.2d, 22 ionic conductivity has been raised up to 1.39 by intro-
ducing As, composition to be Li3.833Sn0.833As0.166S4.23 Sulfide SEs release harmful gas, H2S with exposure 
to air. Though decrease in ionic conductivity of phosphorous sulfide SEs is severe, Sn based sulfide SEs 
are relatively stable in air. This stability is explained in hard and soft acid and base theory. This theory 
explains the stability of compounds.  ‘Hard’ stands for small and high charged ions and ‘soft’ for large 
and low charged ions. And hard/soft acid tend to react with hard/soft base. As Sn is soft acid, it is less 
affected by oxygen which is hard base.2d, 8, 23 
In perspective of performance of sulfide SEs in ASLBs, compatibility with active material and its 
electrochemical stability is important issue. Commercial lithium metal oxides which is used for LIBs 
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can be adopted as active material for ASLBs. Some of sulfide SEs are irreversibly oxidized at high 
voltage over 3 V, resulting large loss of capacity during charge.37 Also, there is poor compatibility 
between lithium metal oxides and SEs. The diffusion of Co from LiCoO2 and S from Li2S-P2S5 SE 
are observed between them. The diffusion of ions is elucidated with space charge layer theory and 
difference of chemical potential. The diffusion forms lithium deficient layer with detrimental effect 
on performance. LiNbO3, Li4Ti5O12, Li2SiO3, Al2O3 coating on active material is tried to prohibit the 
degradation.37-38   
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3. Experimental Section 
3.1 Preparation of materials.  
Crystalline Li4SnS4 powders as precursors for the aqueous-solution process were prepared by con-
ventional solid-state synthesis, and named as “SS-LSS”. A stoichiometric mixture of Li2S (99.9%, 
Alfa Aesar), elemental tin (99.8 %, Alfa Aesar), and elemental sulfur (99.5 %, Alfa Aesar) was heat-
treated at 650 oC for 24 h in a quartz ampoule sealed under vacuum. After the as-prepared Li4SnS4 
powders and LiI (99.95%, Alfa Aesar) were dissolved into deionized water, undissolved impurities 
were removed by filtration. After the filtered solution was subjected to under vacuum and the subse-
quent heat-treatment at designated temperatures under vacuum, the final powder samples were ob-
tained. The Li4SnS4- and 0.4LiI-0.6Li4SnS4-coated LiCoO2 powders were prepared by the same aque-
ous-solution process in the presence of LiCoO2 powders with a heat treatment temperatures of 320 oC 
and 200 oC, respectively (Figure 1). The LiNbO3-coated LiCoO2 powders were used for the Li4SnS4- 
or 0.4LiI-0.6Li4SnS4-coating.2d, 11b LPS powders were prepared by the mechanochemical method. A 
stoichiometric mixture of Li2S  and P2S5 (99 %, Sigma Aldrich) was ball-milled at 500 rpm for 10 h 
and subsequently heat-treated at 243 oC for 1 h in a glass ampoule sealed under vacuum.2d LGPS 
powders were prepared by heat-treatment of a stoichiometric mixture of Li2S, P2S5, and GeS2 (99.9 %, 
American Elements) at 550 oC for 12 h in a quartz ampoule sealed under vacuum.2d  
3.2 Materials characterization.  
The thermogravimetric analysis (TGA) experiment was conducted from 30 oC to 300 oC at 5 oC 
min-1 using a SDT Q600 (TA Instrument Corp.) under a flow of Ar. For X-ray diffraction (XRD) 
measurement, samples were loaded on the XRD holder and sealed under beryllium window for inhi-
bition of air-exposure. D8-Brker Advance Diffractometer (Cu K radiation is 1.54056 Å) was used at 
40 kV and 40 mA at 15o min-1. Field emission electron microscopy (FESEM) images and the corre-
sponding energy dispersive X-ray spectroscopy (EDXS) elemental maps were obtained using S-4800 
(Hitachi Corp.). High resolution electron microscopy (HRTEM) images and the corresponding EDXS 
elemental maps were obtained using JEM-2100 (JEOL). The elemental composition of aqueous–so-
lution processed SEs and the weight fraction of SEs coated on LiCoO2 were determined by inductively 
coupled plasma optical emission spectroscopy (ICP-OES) using 720-ES (Varian Corp.). For the dry-
air-stability test, 100 mg of SE powders was kept under a flow of dry air (a mixture 21:79 vol. ratio) 
for 24 h. 
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Figure 3. Schematic illustrating the aqueous-solution process for Li4SnS4-coated LiCoO2 for ASLBs 
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3.3 All-solid-state cells. 
 Composite electrodes were prepared from the LiCoO2/Li4SnS4 mixture electrode or the Li4SnS4- 
(or 0.4LiI-0.6Li4SnS4-) coated LiCoO2. The weight ratio of LiCoO2 and SE was 85:15. All-solid-state 
cells were fabricated in a 13-mm-diameter polyaryletheretherketone mold. After LGPS/LPS bi-layer 
film consisting of 120 mg of LGPS and 30 mg of LPS powders was formed by pelletizing, 15 mg of 
the as-prepared composite electrodes was put on the LGPS-side and spread evenly. Then, 100 mg of 
Li0.5In which was prepared by mixing In (99%, Sigma-Aldrich) and Li (FMC Lithium Corp.) powders 
was spread on the LPS-side of LGPS/LPS bilayer. Finally, the cell was pressed under 370 MPa. The 
galvanostatic charge-discharge cyling of all-solid-state cells was carried out in a voltage range of 3.0-
4.3 V (V vs. Li/Li+) at 30 oC. The electrochemical impedance spectroscopy (EIS) measurements were 
carried out from 1.5 MHz to 5 mHz with amplitude of 10 mV, using the cells charged to 30 mA h g-1 
at 0.1C and rested for more than 3 h. 1C-rate corresponds with 1.1 mA cm-2. The galvanostatic inter-
mittent titration technique (GITT) measurements were carried out with the pulse of 0.5C for 60 s and 
rest for 2 h. 
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4. Results and discussion 
The XRD pattern of crystalline Li4SnS4 (SS-LSS) (Figure 2a) matches well with that of orthorhom-
bic Li4SnS4 with the space group Pnma.22 The as-prepared SS-LSS powder was dissolved in deionized 
water, forming a transparent greenish-yellow solution (Supporting Information Figure S1). Figure 3 
shows the TGA profile of the solid Li4SnS4xH2O powder obtained from the as-prepared solution by 
treatment under vacuum at room temperature.  Weight loss is evident at around 150 °C; thus, heat 
treatment temperatures of 200, 240, 280, 320, and 450 °C were selected to obtain the final samples. 
Hereafter, the aqueous-solution-processed samples of xLiI-(1-x)Li4SnS4 heat-treated at a given tem-
perature of y (°C) are referred to as “xLiI-(1-x)LSSy”. 
Figure 2a displays the XRD patterns of the aqueous-solution-processed LSS samples heat-treated at 
different temperatures. The XRD patterns show amorphous features up to heat-treatment temperatures 
of 320 °C. Crystalline peaks appear for LSS450 without any noticeable impurity phases. Despite their 
distinct difference in XRD crystallinities, the Raman spectra of LSS450 and LSS320 both show strong 
peaks centered at 345 cm-1 originating from SnS44- (Supporting Information Figure S2).2d 
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Figure 4. XRD patterns of aqueous-solution processed a) Li4SnS4 (LSS) and b) LiI-Li4SnS4 (LiI-LSS). The 
Bragg position for orthorhombic Li4SnS4 is marked.5,26 
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Figure 5. TGA profile of the powder obtained by drying the aqueous Li4SnS4 solution under vacuum at 
room temperature. A photograph of the Li4SnS4 powder prepared from aqueous solution with a heat-treat-
ment temperature of 200 °C is shown in the inset. 
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The ionic conductivities of the solution-processed LSS samples at 30 °C (Figure 4a) show a gradual 
increase as the heat-treatment temperature increases to 320 °C (LSS320), reaching the maximum value 
of 0.14 mS cm-1. The conductivity of highly crystalline LSS450 is one order of magnitude lower 
(0.014 mS cm-1), which agrees well with our previously reported results for MeOH-solution-processed 
Li4SnS4.2d Crystalline LSS450 may exhibit poorer deformability than the XRD-amorphous samples 
(e.g., LSS320), resulting in higher grain boundary resistances in the cold-pressed pellet.2d 
The XRD patterns of the aqueous-solution-processed LiI-LSS samples are shown in Figure 2b. In 
all the LiI-LSS samples, especially those prepared at the low heat-treatment temperature of 200 °C, 
very weak peaks attributed to Li4SnS4 are observed. Moreover, all the LiI-LSS samples show charac-
teristic peaks attributed to LiI (JCPDS no. 71–3746). These observations do not agree with our previ-
ous results for MeOH-solution-processed LiI-Li4SnS4 samples, for which no peaks from crystalline 
Li4SnS4 nor from crystalline LiI (up to x = 0.3 in xLiI-(1-x)Li4SnS4) were observed.2d These discrep-
ancies emphasize the role of the solvent in solution chemistry in terms of nucleation and growth of 
crystals.39 Furthermore, there is a possibility that the use of different precursors (Li2S and SnS2 for the 
MeOH-solution process,2d Li2S, Sn, and S for the aqueous-solution process presented in this work) 
may result in slight differences in the amounts of impurities and/or stoichiometry, which in turn affect 
the crystallinity. It is surprising that, despite the observation of segregated crystalline Li4SnS4 and LiI, 
the ionic conductivities of all the LiI-LSS200 samples (e.g., 0.10 mS cm-1 for 0.4LiI-0.6LSS200) are 
higher than that of the LiI-free sample (LSS200, 0.061 mS cm-1), which demonstrates the beneficial 
role of I- ions.2d Although the elucidation of the underlying mechanism is beyond the experimental 
limits of the current work, it could be hypothesized that their presence induces i) the improved de-
formability of LiI-LSS over that of LSS,2d, 11a ii) the possible presence of beneficial amorphous regions 
in which I- and SnS44- form a disordered matrix of mixed anions,2d and iii) a possible enhancement of 
Li-ion transport at Li4SnS4/LiI interfaces by formation of a space-charge zone.40 The higher ionic 
conductivity of a LiI/Al2O3 composite (40 mol% of Al2O3: 1  10-5 S cm-1) than that of pure LiI (1  
10-7 S cm-1) has been ascribed to an increase of charge-carrier concentration in a space-charge layer 
at the interface.40a Importantly, in line with previous reports,2d, 23-24 the aqueous-solution-processed 
Li4SnS4 appears to be stable upon exposure to dry air. LSS320 shows a marginal decrease in conduc-
tivity after exposure to dry air for 24 h (0.11 mS cm-1) (Supporting Information Figure S3). 
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Figure 6. Ionic conductivities of aqueous-solution processed a) LSS as a function of heat-treatment tem-
perature and b) LiI-LSS prepared at 200 oC varied by x in xLiI-(1-x)Li4SnS4. The conductivity values were 
obtained at 30 oC. 
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The as-developed aqueous-solution process was applied to SE-coating of the active material LiCoO2. 
Figure 1 illustrates the process of SE-coating and its application to LiCoO2/Li-In all-solid-state cells. 
Figure 5a shows an FESEM image of an LSS-coated LiCoO2 particle (15 wt% of LSS) and its corre-
sponding EDXS elemental maps, which indicate that the SE layers cover the LiCoO2 particle well. 
The Raman spectrum of the LSS-coated LiCoO2 powder is almost identical to that of LSS320 (Sup-
porting Information Figure S4). HRTEM images and the corresponding EDXS elemental maps of a 
focused ion beam (FIB)-cross-sectioned LSS-coated LiCoO2 particle (Figure 5b and Supporting In-
formation Figure S5) highlight the intimate contact between the LSS coating layer and the LiCoO2. 
Contrary to the XRD-amorphous features of LSS320 (Figure 2a), the coated LSS layer exhibits glass-
ceramic-like features with nanocrystallites (Supporting Information Figure S5), which is consistent 
with our previous results.2d The interlayer spacing values obtained from the lattice fringes correspond 
with those for Li4SnS4 (Supporting Information Figure S5b). 
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Figure 7. Electron microscopy images of LSS-coated LiCoO2 particles obtained by the aqueous-solution process. 
a) FESEM image of an LSS-coated LiCoO2 particle and its corresponding EDXS elemental maps. b) HRTEM 
image of an FIB-cross-sectioned LSS-coated LiCoO2 particle and its corresponding EDXS elemental maps. 
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The positive composite electrodes of LiCoO2/Li-In all-solid-state cells were fabricated either by 
manually mixing LiCoO2 and SE (LSS320) powders or by using LSS- or 0.4LiI-0.6LSS-coated 
LiCoO2 powders. A bilayer SE in which LGPS (6.0 mS cm-1) and LPS (1.0 mS cm-1) are in contact 
with the LiCoO2 and Li-In electrodes, respectively, was employed in order to maximize the rate capa-
bility while avoiding degradation of LGPS at low voltage.5 2d Two different LSS-coated LiCoO2 pow-
der samples were prepared, one by mixing LiCoO2 and LSS320 powders in deionized water (referred 
to as “Coated1”), and one by adding LiCoO2 powder to a predissolved Li4SnS4 solution (referred to 
as “Coated 2”). For fair comparison with the LSS-coated LiCoO2, accordingly, two kinds of LiCoO2 
for the mixed electrodes were used; pristine LiCoO2 (p-LCO) and water-treated LiCoO2 (w-LCO). 
The w-LCO sample was prepared by immersing LiCoO2 powders into deionized water overnight fol-
lowed by dehydration at 320 °C under vacuum. 
The electrochemical performances of the mixed and coated electrodes are shown in Figure 6. As 
compared to the mixed electrode using p-LCO, the coated electrodes exhibit significant improvements 
in rate capability. The coated electrodes retain 71% capacity (97 mA h g-1) for Coated1 and 64% (79 
mA h g-1) for Coated2 at 1C as compared to that at 0.1C, which is in contrast to the 40% (54 mA h g-
1) for the mixed electrode using p-LCO. However, considering that the LiCoO2 used for the coated 
electrodes was in contact with an aqueous environment during the solution process, a more relevant 
comparison can be made by comparing the results with those of the mixed electrode made using w-
LCO. Surprisingly, the mixed electrode made using w-LCO shows a much poorer rate capability than 
that of the mixed electrode made using p-LCO, implying the detrimental effect of exposure to water. 
It is known that surface impurities such as Li2O, LiOH, and Li2CO3 are formed when LiMO2 (M = 
Co, Ni, Mn) materials are exposed to water or ambient air.41 The severe degradation in rate capability 
of the mixed electrode made using w-LCO compared to that of the electrode made using p-LCO is 
thus explained by contamination of the surfaces.11b This observation also agrees with the degradation 
in rate capability of LiCoO2 upon exposure for conventional LIB cells using liquid electrolytes (Sup-
porting Information Figure S6). The slightly better rate performance for Coated2 than that for Coated1 
indicates that side reactions at the surface of LiCoO2 are less severe in the predissolved Li4SnS4 solu-
tion than in water.   Overall, considering this negative effect of the exposure of LiCoO2 to aqueous 
solutions, the superior rate capability of the aqueous-solution-processed LSS-coated LiCoO2 electrode 
to that of the mixed electrode made using p-LCO demonstrates the importance of ionic contact be-
tween the SE and active materials in ASLBs.11b, 12 It is believed that the development of a functional 
protective coating to minimize side reactions occurring in the aqueous solution can further improve 
the performance,42 and that adopting alternative eletrode materials that are compatible with aqueous 
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environments43 can leverage the advantage of aqueous-soltion-processable Sn-based SEs, which will 
be the subjects of our next studies.  
As shown in Figure 6c, the Coated2 electrode cycled in the voltage range of 3.0-4.3 V (vs. Li/Li+) 
at 0.5C exhibits stable cycling performance. 
Consistent with the trend of rate capability illustrated in Figure 6a, the discharge voltage profiles at 
different C-rates indicate higher polarization in the order of the mixed electrode made using w-LCO, 
the mixed electrode made using p-LCO, and the coated electrodes (Figure 6b).  
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Figure 8. Electrochemical performances of the mixed electrodes and the LSS-coated LiCoO2 electrodes 
cycled in a voltage range of 3.0-4.3 V (V vs. Li/Li+). a) Variations in discharge capacities versus charge-
discharge cycle number at different C-rates. b) Discharge voltage profiles at different C-rates.  c) Cycle 
performance of the LSS-coated LiCoO2 electrode (Coated2). “p-LCO” and “w-LCO” indicates pristine and 
water-treated LCO, respectively. The LiCoO2:LSS weight ratio in the composite electrodes was 85:15. 
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In an attempt to deconvolute the contributions to the overall rate capabilities, the Nyquist plots were 
compared (Figure 7a). The spectra show one or more semicircles at higher frequency, followed by the 
Warburg tails at lower frequency. The intercept at the x-axis is assigned to the resistance of LGPS/LPS 
bilayer SE.2d The semicircles are interpreted as being due to the contributions of interfacial charge-
transfer and electronic resistancies.2d, 5, 44 The order of the overall amplitude of the semicircles in Fig-
ure 7a (ca. 180  for the w-LCO-mixed electrode > ca. 110  for the p-LCO-mixed electrode > ca. 
20  for the coated electrodes) agrees perfectly with the results for rate capability (Figure 6a, b). The 
evolution of mid-frequency semicircles denoted as ‘#’ for the mixed electrode made using w-LCO 
and for the Coated1 electrode is assigned to the contribution by the surface impurities formed in aque-
ous environments. The absence of a mid-frequency semicircle for Coated2 confirms the superior sta-
bility of LiCoO2 in the predissolved Li4SnS4 solution to that in water. Most importantly, it should be 
noted that the amplitude of the semicircles is also dependent on the interfacial contact area between 
the active materials and SEs. Thus, the much smaller semicircles for the coated electrodes than those 
for the mixed electrodes imply intimate ionic contact. Figure 7b compares the GITT voltage profiles 
for the mixed electrode made using w-LCO and the Coated1 electrode, and their corresponding po-
larization plots, which again confirms the dramatic improvement by direct SE coating of the active 
material. The interfacial contact areas between the SE and LiCoO2 were also derived from the GITT 
curves,2d, 45 and are much higher for the coated electrode (50%) than for the mixed electrode (23%). 
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Figure 9. Electrochemical characterization of the mixed electrodes and the LSS-coated LiCoO2 electrode. 
a) Nyquist plots and b) discharge voltage profiles and their corresponding polarization plots obtained by 
GITT. 
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The rate capability of the coated electrode made using 0.4LiI-0.6LSS200 as the coating material is 
also compared (Supporting Information Figure S7). The performance of the electrode made from 
LiCoO2 coated with 0.4LiI-0.6LSS200 appears inferior to that made from LiCoO2  
coated with LSS320 (Coated1), and comparable to that of the mixed electrode made using p-LCO. 
Considering the almost identical conductivity values of LSS320 (0.14 mS cm-1) and 0.4LiI-0.6LSS200 
(0.10 mS cm-1), the distinct difference in rate capability might originate from the presence of I- ions. 
As indicated by the XRD patterns (Figure 2b), LiI exists in segregated domains in 0.4LiI-0.6LSS200. 
It is expected that LiI decomposes at low voltages, thus negatively affecting the interfaces.46 Care 
should be taken, however, when comparing these results with the results for the MeOH-solution-pro-
cessed SE 0.4LiI-0.6Li4SnS4 obtained in our previous work, because it did not form segregated LiI.2d 
It is thought that the electrochemical stability of the I- ions in the MeOH-solution-processed 0.4LiI-
0.6Li4SnS4 and pure LiI would be different. 
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5. Conclusion 
In summary, a highly conductive, dry-air-stable, and coatable SE, xLiI-(1-x)Li4SnS4, was success-
fully prepared by a scalable aqueous-solution process. The highest ionic conductivity of 0.1 mS cm-1 
was achieved for the aqueous-solution-processed Li4SnS4 and 0.4LiI-0.6Li4SnS4 heat-treated at 
320 °C and 200 °C, respectively. The ASLBs employing the Li4SnS4-coated LiCoO2 significantly 
outperformed the conventional mixed electrodes, highlighting the critical importance of intimate 
ionic contact. The negative effect on interfaces caused by the exposure of LiCoO2 to aqueous solu-
tions was alleviated by using a predissolved Li4SnS4 solution. We believe that these results are of 
importance to the commercialization of high-performance all-solid-state technologies. 
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6. Supporting information 
Raman spectra were obtained with Alpha300R (WITec) using a 532 nm He-Ne laser. The cycle tests us-
ing liquid electrolytes were obtained by using 2032-type coin cells.  The composite electrodes were pre-
pared by spreading LCO powders (p-LCO or w-LCO), Super P, and poly(vinylidene fluoride) (PVDF) 
binder (KF1100, Kureha Inc.) on Al foil.  The weight ratios of LCO:Super P:PVDF were 90:5:5.  Li 
metal foil was used as both counter and reference electrode.   
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Figure S1. Photograph of the Li4SnS4-dissolved aqueous solution. 
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Figure S2. Raman spectra of LSS320 and LSS450. 
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Figure S3. Arrhenius plots of Li ionic conductivity for aqueous-solution processed Li4SnS4 powders 
(LSS320) before and after dry-air exposure. 
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Figure S4. Raman spectra of LSS-coated LiCoO2. The spectra of LSS320 is also shown for comparison. 
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Figure S5. HRTEM images of LSS-coated LiCoO2 particle.  
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Figure S6. Rate capabilities of p-LCO and w-LCO electrodes in liquid-electrolyte cells cycled between 
3.0-4.3 V (vs. Li/Li+).   
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Figure S7. Rate capability of the 0.4LiI-0.6LSS200-coated LiCoO2 electrode. a) Variations in discharge 
capacities versus charge-discharge cycle number at different C-rates. b) Discharge voltage profiles at dif-
ferent C-rates. The LiCoO2:0.4LiI-0.6LSS200 weight ratio in the composite electrodes was 85:15. The 
data for the mixed electrodes and the LSS320-coated LiCoO2 electrodes are also shown for comparison 
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